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Abstract: The high-power consumption caused by Joule heating is one reason for the 
emergence of the research area of neuromorphic computing. However, Joule heating is not 
only detrimental. In a specific class of devices considered for emulating firing of neurons, the 
formation of an electro-thermal filament sustained by locally confined Joule heating 
accompanies resistive switching. Here, the resistive switching in a V2O3-thin-film device is 
visualized via high-resolution wide-field microscopy. Although the formation and destruction 
of electro-thermal filaments dominate the resistive switching, the strain-induced coupling of 
the structural and electronic degrees of freedom leads to various unexpected effects like 
oblique filaments, filament splitting, memory effect, and a hysteretic current-voltage relation 
with saw-tooth like jumps at high currents.  
 
Main Text: The strongly correlated electron system (SCES) V2O3 is a prototypical Mott-
Hubbard insulator [1]. At room temperature, stoichiometric V2O3 is a paramagnetic metal 
with corundum structure, which undergoes a metal-to-insulator-transition (MIT) in cooling 
below about 150 K. The insulating phase is antiferromagnetic with monoclinic structure. 
Upon heating the insulating phase undergoes an insulator-to-metal-transition (IMT) [2–4]. In 
recent years, there has been a growing interest in the resistive switching of SCES-devices [5]. 
SCES-devices are considered as memristive devices [6,7], electro-optical elements [8,9] and 
as a building block for neuromorphic computing [10–13]. The basis for these applications is 
resistive switching, in which an applied electric current or field induces the IMT.  
Several mechanisms were suggested for this effect in Mott insulators. At very high fields 
(~>100MV/m) Landau-Zener tunneling across the Mott gap increases the free carrier 
concentration which eventually destabilizes the insulating state, leading to the IMT [14–18]. 
However, switching with considerably lower fields has been observed in some cases [19–21]. 
The low-field switching was attributed to either mid-gap tunneling [22,23] or an electric-field 
Mott-gap collapse [24].  
In addition to these mechanisms, in materials exhibiting a thermal IMT, a universal electro-
thermal breakdown must be considered. This instability is not directly related to the Mott-
Hubbard-physics, but is the result of an electro-thermal instability created by the strong 
temperature dependence of the electric resistivity at the IMT [25–27]. An electric current 
applied to a resistive device increases the device temperature due to Joule heating. 
Consequently, small fluctuations in the current density may lead to fluctuations in the local 
device temperature. The sharp decrease in the resistivity with increasing temperature acts as a 
positive feedback mechanism, which amplifies these fluctuations. For electric currents above 
a certain threshold, this may lead to a runaway effect where more and more current is 
concentrated in a small section of the device, considerably increasing the local temperature. 
This runaway effect results in the formation of a highly conducting metallic filament 
connecting the device electrodes. The filament is sustained in the metallic state by the Joule 
heating concentrated within it, while its surroundings remain at the lower base-temperature. 
(see  [28] for an extensive discussion of this phenomenon). 
In a study on V2O3-nano-devices, where edge- and electrode-cooling compensated the effect 
of Joule-heating, evidence for a dielectric breakdown was found [21], and in a recent study, 
the authors found that defects in the V2O3-thin-films enhance the efficiency of field-assisted 
carrier generation and considerably reduce the threshold for a dielectric (non-thermal) 
breakdown [29].  
However, in the present study, the devices were fabricated on a pristine high-quality thin-
film, and cooling from the contacts is inefficient due to the relatively large device size. 
Therefore, we expect that Joule heating is the dominant switching mechanism.  
The V2O3-devices were fabricated from V2O3-thin films on single-crystal-substrates. Due to 
the elastic strain and coupling between the structural and the electronic degrees of freedom, 
V2O3-thin-films have very rich physics on their own. At the MIT/IMT, strain minimization 
leads to spontaneous phase separation with herringbone domain structures [30].  
We used a low-temperature high-resolution wide-field microscope, which allows for 
electrical-transport measurements with simultaneous imaging of insulating and metallic 
regions via optical reflectivity.  We visualize the filaments, which forms during resistive 
switching, and reproduce the results by a numerical simulation based on a two-dimensional 
resistor-network model. This enables us to investigate how the strain-induced phase 
separation in the V2O3-thin-film with its domain structure influences the switching process.  
 
Figure 1.  (two column) (a) Dimensions of the planar V2O3-device under investigation. The 
two gold electrodes serve as combined current/voltage taps for a two-probe configuration. 
The dotted green line indicates the field of view of the microscope. (b) LOWER PANEL: 
Electrical resistance of the device vs temperature. Data points marked by capital letters 
correspond to the images shown in (c). Arrows mark the cooling and heating curve, 
respectively.  INSET: Resistance vs temperature including the lowest temperature of the 
thermal cycle. UPPER PANEL: Reflectivity of the V2O3-film normalized to the reflectivity 
of the gold electrodes vs temperature. The solid green curve represents the average over the 
field of view, while the dashed red curve represents the reflectivity of a single pixel indicated 
by the red circle in (c). (c) Series of optical microscope images acquired during one thermal 
cycle. 
 
The device under investigation is a planar thin-film device, where the current I is injected via 
two gold electrodes in a two-point configuration (see Figure 1 (a) and methods section). 
Figure 1 (b), lower panel, shows a typical electrical resistance R vs. temperature T curve of a 
V2O3-thin-film on an r-cut sapphire substrate. The large resistance change at the MIT of 4 
orders of magnitude is indicative of a high-quality film with few defects. Due to the first-
order nature of the MIT/IMT, the R(T)-curve is hysteretic, and, consequently, in order to 
obtain reproducible results it is necessary to prepare a well-defined state by thermal cycling, 
i.e. by cooling or by heating to temperatures, where the V2O3 is in a pure insulating or 
metallic state, and then heating or cooling to the targeted temperature. 
Figure 1 (b), upper panel, shows the reflectivity of the V2O3-thin-film normalized to the 
reflectivity of the gold electrodes vs. temperature. The insulating phase has a considerably 
higher reflectivity than the metallic phase (see methods). The jump in the reflectivity of a 
single pixel indicates a first-order transition [30]. Figure 1 (c) shows a selection of 
microscope images from a series acquired during one thermal cycle. Images acquired in the 
hysteretic temperature regime exhibit herringbone domains. From this series, a map of local 
MIT/IMT-transition temperatures was extracted (see Figure 2). 
 
Figure 2. Local transition temperatures of V2O3 thin film device (a) map of local MIT 
temperatures (b) map of local IMT temperatures. 
 
In Figure 2, maps of local MIT and IMT temperatures are depicted. They show different 
patches with different transition temperatures, whose shape and form resemble the 
herringbone domains in the microscope images. These maps allow us in the numerical 
analysis to consider how the strain-induced variation in local MIT/IMT temperatures affects 
the electro-thermal breakdown. 
 
 
Figure 3. (two column) Electrical breakdown in a planar V2O3-device at a bath temperature 
Tb= 158 K at the onset of the IMT. (a) Measured (blue curves) and simulated (red curve) 
current voltage relation. The dashed black arrow indicates the sweep direction. INSET: Zoom 
on the high current section. (b) LEFT COLUMN: Series of optical microscope images 
acquired during the second current sweep. The corresponding bias points are marked with 
capital letters in (a). Dashed red line is guide to the eye with angle of 17°.  MIDDLE AND 
RIGHT COLUMN: Series of the simulated current density and local device temperature, 
respectively. 
In Figure 3, we present electrical-transport data and corresponding microscope images. We 
also include the results of the numerical model in the same figure for direct comparison. Note 
that we have added an animation to the supplementary information visualizing the resistive 
switching for every bias-point. Before the measurement, the device was brought into the 
heating branch via thermal cycling. Then the data of two consecutive current sweeps with a 
maximum current value of 20 mA were acquired. The left column of Figure 3 (b) shows a 
series of microscope images related to bias points marked by capital letters in the current-
voltage curve (IVC) of the second sweep depicted in Figure 3 (a). The dashed black arrow in  
Fig 3 (a) indicates the sweep direction. Starting at the origin of the graph, the IVC progresses 
linearly, which indicates an Ohmic resistance. Then the slope of the IVC increases, which 
suggests a decreasing device resistance. A section with negative differential resistance 
follows. A horizontal jump indicative of an instantaneous (within the measurement time 
scale) reduction of device resistance interrupts the IVC. After the jump, the IVC progresses 
vertically. When the current is reduced from its maximum value of 20 mA, the IVC 
progresses vertically down to a current value, which is below the value of the first horizontal 
jump. At this bias-point, there is a second horizontal jump indicative of an instantaneous 
increase of device resistance. A section with a decreasing slope and a linear section follows.  
The device's overall behavior is characteristic of an electro-thermal breakdown [28]. The 
increasing slope, after the linear (Ohmic) section, can be explained by a decrease of the 
device resistance due to Joule heating. According to the resistance vs. temperature relation 
shown in Fig 1 (b), an increase in device temperature results in a considerable decrease in 
device resistance. This effect produces back-bending of the IVC, and the system becomes 
electro-thermally unstable. The horizontal jump is the result of the formation of an electro-
thermal filament. Fig 3 (b) image B clearly shows this metallic filament. The IVC's vertical 
progression is associated with an increase in filament width (see Fig 3 (b) image C). The 
second horizontal jump during the return current sweep indicates an abrupt increase of the 
device resistance associated with the disappearance of the conducting filament (see animation 
in supplement). We note that the IVCs show a memory effect, i.e. the device resistance and 
the threshold voltage is reduced after the first sweep (Figure 3 (a)). Second, the IVC has a 
small hysteresis at high currents after the resistive switching (see INSET Figure 3 (a)). This is 
a result of the intrinsic hysteresis due to the first order IMT. 
Interestingly, we observed additional effects, which are atypical of an electro-thermal 
breakdown: First, the filament is not perpendicular to the electrode edges, but rather connects 
the electrodes at an oblique angle (see image B in Fig 3 (b)). Second, there are small saw-
tooth like jumps in the vertical up-sweep sections of the IVC (see INSET Figure 3 (a)). Third, 
during the return sweep the filament splits into multiple filaments (see D in Fig 3 (b)). This is 
surprising since thermal cross-coupling in the device favors a single filament whose width 
diminishes as current decreases. 
To investigate whether the variations in local MIT and IMT-temperatures are the main reason 
for the atypical phenomena, we extracted maps of the MIT/IMT-temperatures from a 
temperature series of microscope images (see Figure 2) and included them in our numerical 
model. With this model, we calculated the IVC and the spatial distribution of the current 
density and temperature (for every bias point). See the methods for a detailed description. 
The simulated and measured IVC of the 2nd sweep are shown in Figure 3 (a). The model 
reproduces the hysteresis and the saw-tooth like jumps. Moreover, the simulated maps of the 
current density and local film temperature support the existence of electro-thermal 
breakdown via a conducting filament sustained by locally confined Joule heating (see image 
B in Figure 3 (b)). Note that, according to Figure 1 (b) (neglecting the hysteresis), there is a 
one-to-one relationship between the film temperature and the resistivity. Hence, if the local 
film temperature is above 170 K, it is in the low-resistive metallic-state. The growth of the 
filament is similar in the simulation, and during the return sweep, we can see the emergence 
of multi-filaments and filament branching (Figure 3 (b), image C and D).  
Conclusion: The heuristic numerical model, which includes strain-effects in the V2O3-thin-
film indirectly via the IMT/MIT-temperatures-maps, reproduces the resistive switching very 
well.  
Remarkably, the simulated data show not only all the characteristics in the current-voltage-
relation but also in the shape and the direction of the metallic filament. The filaments in the 
microscope images and the simulation both connect the electrodes at an oblique angle of 17°, 
following roughly one preferred axis of the herringbone domains. The minimum filament-
width, right before the device switches back to the high-resistive state, is approximately 0.5 
µm, which corresponds to the domain size. These observations further support the idea that 
the herringbone domain structure plays an essential role in resistive switching.  
The Joule heating filaments lock into percolation paths created by the variation in the local 
hysteretic MIT/IMT-temperature, causing effects atypical of an electro-thermal breakdown 
like oblique filaments, filament splitting, saw-tooth like jumps in the IVC and hysteretic 
IVCs. Since the domain structure is determined by strain minimization, we find that elastic 
energy influences resistive switching properties by controlling the filament configuration. 
The memory effect, i.e. the reduction of the device resistance after the first resistive 
switching, is a consequence of switching a fraction of domains into the metallic state due to a 
current overshoot (see methods). 
These findings demonstrate the crucial role played by Joule heating and strain-effects in this 
class of memristive devices, which are considered as promising building blocks in 
neuromorphic computing. 
Experimental Section/Methods  
Device fabrication: The 300 nm V2O3 thin films were grown by rf magnetron sputtering of a 
V2O3 target on an r-cut sapphire substrate; see [31] for details. Subsequently, we defined the 
Au-contacts pads (20 µm wide, with 19.5 µm spacing and several 100 nm thick) in an optical 
lithography lift-off procedure.  
Experimental set-up: We used an wide-field optical microscope [32] with the device mounted 
in a vacuum, in a continuous He gas-flow cryostat. The microscope has a spatial resolution of 
0.5 µm. The illumination is monochromatic with a 528 nm wavelength, and the field of view 
is 500 µm x 500 µm.  
Optical microscopy allows for imaging the phase separation in the V2O3-thin-film, because 
the metallic- and insulating-phase have different reflectivity (see Figure 1 (c)). Note that 
counterintuitively the insulating phase has a higher reflectivity than the metallic phase. The 
reason for this is that the monochromatic illumination at 528 nm is above the plasma 
frequency for both phases, and therefore the reflectivity contrast is not caused by the number 
of free charge carriers. Instead, epg  to a1g (lower Hubbard band) [33,34] interband transitions 
dominate the insulating-phase reflectivity, while transitions from the quasi-particle peak to 
the a1g upper Hubbard band [31] dominate the metallic-phase reflectivity. We measured the 
electrical-transport properties in a two-point configuration with a Keithley 2400 source/meter 
unit configured as current-source. We observed a current overshoot when the device switched 
in the low resistive state.  
The numerical model is based on a two-dimensional resistor network. The heat conduction 
was incorporated using the backward Euler method. Latent heat was included. We accounted 
for the thermal coupling to the cryostat cold-plate by estimating the sapphire substrate's 
thermal conductivity. (see [35] for more details) The model was numerically stable over 
almost the whole parameter space except for a small section in the first current sweep after 
the resistive switching.  
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